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Abstract 

Tree-level scattering amplitudes of longitudinally polarized electroweak vector bosons in 
the Standard Model are calculated using Mathematica package Feyncalc. The modifications 
of low-energy theorems for longitudinally polarized W and Z in the Standard Model are 
discussed. 

1 Introduction 

One of the open questions in high energy physics is the mechanism of electroweak symmetry 
breaking (EWSB). The physics that breaks electroweak symmetry is responsible for giving the W 
and Z their masses. Since a massive spin-one particle has three polarizations, rather than the 
two of a massless mode, the new physics must supply degrees of freedom to be swallowed by the 
W and Z. These new degrees of freedom are the longitudinal polarizations Wl and Z^ of the 
vector bosons. Therefore the interactions of the longitudinal components of the vector bosons 
could provide a good way to probe the interactions of the symmetry breaking sector jjj . 

The interactions of Wl and Zl in high energy processes are usually studied by means of different 
production mechanisms of vector bosons followed by their purely leptonic decays e.g. W — > l^v 
and Z — > l + l~(l — e,fi), referred to as gold-plated channels. One of the production mechanism 
is through light fcrmion anti-fermion i.e. qq or e + e~ annihilation. This yields vector boson pairs 
that are mostly transversely polarized and is usually a background to the other processes. The 
important exception is the production of longitudinally polarized vector bosons through new vector 
resonance. 

A second mechanism for producing longitudinal vector boson pairs in hadron colliders is gluon 
fusion. The initial gluons turn into two vector bosons via an intermediate state that couples to both 
gluons and electroweak vector bosons like the top quark or new colored particles of a technicolor 
model [|). 

Finally, there is the vector-boson fusion process when vector bosons are radiated by colliding 
fermions and then rescattered. When the fermions are quarks then the process of vector boson 
scattering is considered as a subprocess of subprocess in hadron collision. Sensitivity of different 
types of colliders to the above mentioned processes has been discussed in a series of articles |$J. 

In this paper I calculate exact tree-level scattering amplitudes of longitudinally polarized elec- 
troweak vector bosons in the Standard Model. The aim of the present paper is to check indepen- 
dently the existing results |^|, [s], [| 0] , in particular because I think there has been a minor error in 
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an earlier paper ||. As a consistency test I use the high-energy (E ^ my/) behaviour of a pure 
gauge amplitudes. Their quadratic growth (~ E 2 ) should be canceled by introducing Standard 
Model Higgs boson. 

It has been shown that some universal low-energy theorems (LET) for the scattering of lon- 
gitudinally polarized W and Z hold These theorems are valid below the scale Asb ~ ITeV, 
provided that the symmetry breaking sector contains no particles much lighter than Asb- The 
derivation in || shows that in this case the LET are given by SU(2)l x U(1)y gauge interactions 
of vector bosons alone. The particle which modifies pure gauge amplitudes (and LET) in the SM 
is the Higgs boson. To see this modifications, I plot the complete amplitudes for different values 
of Higgs boson mass and compare them with the pure gauge contributions. 



2 Scattering Amplitudes 

Calculation of the scattering amplitudes of the gauge bosons by hand is a tedious task. The use 
of function Specif icPolarization of the Mathematica package FeynCalc || has substantially 
reduced algebraical manipulations. 

Longitudinal polarization picks up a specific direction in space. Thus the amplitudes writ- 
ten in terms of Mandelstam variables s,t,u do not describe scattering of longitudinally polarized 
particles in all Lorentz frames. For the process V(p\) + V(p2) — * V(ki) + V(k2) the function 
Specif icPolarization uses the following representation of the longitudinal polarization vectors 
e\p, L) 



e"(*2,i) 



= F£(pi,fci,fc a ) 

= ^(pa.fci.fe) 

= F^(k 1 ,p 1 ,p 2 ) 

= F£(k 2 ,p 1 ,p 2 ) 



where 



f£(r, a, b) 



r^{b -r + a-r)- (a + b^r 2 
\J r 2 [(b ■ r + a • r) 2 — r 2 (b + a) 2 



(1) 

(2) 



Using this function, we get the longitudinal polarization only in the CM system, where p 1 + p 2 = 
kx + k 2 = 0. 

Table |l| summarizes tree- level contributions (contact graphs are not listed) to the scattering 
amplitudes of the gauge bosons in the SM in the ?7-gauge. Contributions to the process #n from 
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Table 1: Individual processes together with exchanged particles in different channels (s,t,u). W,Z,y are 
electroweak gauge bosons and photon and H is the SM Higgs boson. Contact graphs contribute to each 
of the process and are not listed. 



graph with U-boson exchange in the fc-channel are denoted as 



M 



(n) 
kV 



9i92 



rn 



2 A k 



(n) 



and from the contact graph 



Mi n) = «?4 n) 



(3) 
(4) 
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with gi,g2 and g denoting relevant coupling constants. Amplitudes given by the low-energy the- 
orems are denoted as M^et- Note that in the paper of Bento and Llewellyn Smith || the 
W Z — > WZ amplitude is claimed to be (in the current notation) 



= + M<& + M% + (wrong) 

and is also calculated in this way. This is wrong, because W is exchanged in s and t (or u) channel^. 

Explicit formulae for the scattering amplitudes are somewhat difficult to read and are postponed 
to the appendix |a|. Table || summarizes relations among different A parts of gauge amplitudes as 
defined in (||) and (|J). These relation are almost obvious, nevertheless they can be used as a check. 



Besides these relations we have A 



(i) 
tw\ 



mz—mw 



= -A 



(2) 

tw 



mz—mw 



but Afy ± -A 



(i) 
tw 



Note that the 



process # 


Gauge boson exchange 


Contact graph 
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A^ (cos 9 cm ) = A)*fc (- cos e cm ) 


4 1} 
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A (2) A (2) 


A^ 
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A (3) _ _ A (1) 1 

{t,u)(i,Z) (t,u)W\mz=mw 


a W - A W\ 

Jlr — /if 

\mz—mw 
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A w _ _ A m 1 

(s,i)(7,Z) (s,t)W\m z =m w 


A W _ 4(2)1 
-tip — /if 

\raz—mw 



Table 2: Relations among the A parts of the scattering amplitudes. 



Aj 1 ^ = A^ because the longitudinal term in propagator (~ q a q 13 ) does not contribute to the 
amplitudes with exchange of neutral gauge boson. 

2.1 W+{k x )+W-(k 2 ) ^Z(k 3 )+Z(h) 

On the tree-level the pure gauge contributions are from W^-exchange in t and u channels and the 
contact graph 

M W _ -9 2 cos 2 w (1) 
— w 

M { P = -g 2 cos 2 9 w AW (6) 
Complete gauge amplitude grows linearly with s 

A/fW - M (1) 4- M {1) + 

Jvl gauge ~ Jvl tW + JVl uW + JVi c 

= Mf ET - g 2 (1 - fl ~ 2 :fn WP{ \ + X2) +o( ^) (7) 
Lbjl 2p 2 cos 2 6 w (l-x 2 ) \s J w 



where 



M^l T — - 9 S 9 , p — 9 _ and x = cost 
LhI Apm w m 2 z cos 2 e w 



with 8 cm an angle between fci and A; 3 in CMS. 

In the SM this growth is canceled by exchange of the Higgs boson in the s-channel 

M W = 9 2 m w mz (gi ■ £2)^3 ■ e|) 
sH cos 8 W s — m 2 H + im H Y H 

The amplitude M^l has, for longitudinal polarizations, the high-energy (E run, raw) expansion 
(for exact formulae see appendix) 



(i) _ g m w m z 



2 —~ r ' !l\ T> 



4m%m w 



+ O(s ) 



2 There is the interchange t <-» u in ji| in comparison with this paper. 
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Figure 1: Tree-level amplitudes of the process WW — > ZZ as a function of yfs for different values of 



tuh- The Higgs boson width, Th, is set to zero, cos# c 



2 = ^ _ 42 _ 



0.5, p = l,m z = 91.2 GeV, sin^ 6 W = 0.231, 



so the cancellation occurs for p = 1. 

Figure|l] shows dependence of the complete amplitude = M.g}-, 



boson mass, run , in the region mw < ^Js < 1 TeV and compares it with M.g} uge and M 



M. s g on the Higgs 



that -Mgalige differs from M.'l'et m t nc limit s — ► oo by a constant term. Numerical values of all 
parameters are the same throughout the paper. 

2.2 W + {h) + Z{k 2 ) ^ Z(k 3 ) + W + (h) 

On the tree-level the pure gauge contributions are from VF-exchange in s and t channels and the 
contact graph 

,;2 2 u ... 

(9) 
(10) 

(11) 



LET 



Note 



M 



(2) 
kW 



-g 2 cos 2 9 W (2) 



A4f } = -<? 2 cos 2 W A^ 
The asymptotic behaviour of the complete tree-level gauge amplitude is 



M {2) 

* gauge 



= M 



M 



(2) , 
sW T 

(2) 
LET 



M 



(2) 



M 2) 



5 2 (2x(l - jc) + pcos 2 W {3 + 2x - a; 2 )) 



4p 2 cos 2 &w(l-x) 
where a low-energy amplitude is usually defined as 
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M 



(2) _ 9 u _ 



LET 
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The exchange of the Higgs boson in the w-channel 



(1 + cos 9 cm ) + O(s ) 



M 



(2) 
uH 



, m w m z (ei • £4) (e 2 ■ £3) 



u - M% 



COS Uw 

has for longitudinal polarizations the high-energy expansion 
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Sm 2 w 



)s + O(s Q ) = ~?-^u + O( S ) 



4m 2 , 
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Figure 2: Tree-level amplitudes of the process W Z — ► WZ. 



Figure shows complete tree- level amplitude for different m# and compares it with M g 2 } u 



and M, 



(2) 

LET- 



gauge 



2.3 W+ik^ + W+ih) ^W + (k 3 ) + W+(k 4 ) 



On the tree-level graphs with 7 and Z exchange in t and u channels and contact graph contribute, 
fn the Standard Model, Higgs boson exchange in t and u channels gives the desired high energy 
behaviour. 
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(3) 
kZ 



-g 2 cos 2 6_w .(3) 

l, _2 A kZ 



— 4 (3) 
k A *> 



k = t,u 



Because longitudinal term in the Z boson propagator does not contribute we have 



A 



(3) 



.4 



(3) 



l kf ~ "-kZ ■ 

Contact graph amplitude for longitudinally polarized gauge bosons has the form 
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M 3) = .9 2 4 3) = J-^ (-8 m 2 w + 3s-s cos 2 9 cm ) 



1 rn 



w 



(13) 



The gauge amplitude can be written as 



Mf} uge = ~g 2 cos 2 9 w 
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A 



(3) 
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t — m\ 



g 2 sin 2 9w 



A 



(3) 
*7 



A 
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+ M ( V (14) 



Expanding this expression in powers of s gives 

"3 - cos 2 1 
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Figure 3: Tree-level amplitudes of the process W + W + —> W + W + . 

Quadratic (in s) divergencies are canceled and including constant terms of the order 0(s ) we get 

(3) (3) (3 + :r 2 -pcos 2 M6~4p+10.x 2 -12p.x 2 ) Q ( m 2 w \ m , 

where 



(17) 



This linear divergence should be canceled by Higgs exchange in t and u channels 

' {ei ■ el){e 2 ■ e\) {e x ■ ej) (e a ■ ej) " 



with high-energy expansion 



t — m|f it — 



(18) 



Comparing (17) and ( |l9| ) we see that p = 1 ensures desired cancellation. 



2.4 W + (Jfei) + W~(k 2 ) -> ^+(£3) + W(fc 4 ) 

In this case we have to consider Z, 7 and Higgs boson exchange in s and t channels and contact 
graph. As in the previous sections we write 

The results for the A parts of the amplitude can be obtained directly from corresponding formulae 
for the process W + Z — ► W + Z by setting mz = m\y 

A W --A {2) I 

A (a,t){Z n ) - I± {s,t)W\ mz = mw 

or we can also notice that = —AfJ. Again we have A^ = A^j. In the case of longitudinally 
polarized gauge bosons 

2 

Mi 4) =g 2 A [ f> = 9 S , (8m 2 v -3s-2Am 2 v x + 6sx + sx 2 ) (20) 
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Figure 4: Tree-level amplitudes of the process W + W — ► W + W 



Let us examine high-energy expansion of gauge amplitude 



M$ U ge = -9 2 COS 2 9 W 
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x 2 + 6x — 3 9 1 — 3a; 



16m 4 , 
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After simplification and including terms of order O(s ) we get 



M (4) 

* gauge 



Mf ET 

2 (3 + a; 2 - p cos 2 9 W (12 - 12 p + I2x - 16 px - 8a; 2 + 12pa; 2 )) 
9 Ap 2 (l-x) cos 2 (9,, 
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where as in the case of the process #1 I denote 
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(4) 
LET 



9 2 u 
4m 2 , 



4- = 
P 



in accordance with § . High-energy expansion of the Higgs boson contribution 



M% = -g 2 M 



w 



s — m 



H 



t — m 



H 



is 



■o(s°: 



A Exact formulae 

The following Feynman rules and notation is used (all momenta are outgoing) MX 



7(Z),P 




ie(ig cos 9 W ) V vw (k,p, q) 



-ig 2 cos 6wV V(7li \ 



W~,X 





W+,p 



W+,p 



pv\o 



W~, A 




W~,u 



igmwg^u 



Z. v 



where 

V\^(k,p,q) = (k -p) u gx^ + (p~ q)x9 l iu + (q - k)^g\ v , k+p + q = 

*l±vpcr — pvQ pa QppQvcr QvpQp,cr • 

Propagators of the gauge bosons are 



Df(q) 



-fJ 



a(3 I q_£ 



q 2 — rriy 



9 2 

q z — rriy 



D 



a/3 _ 



/ _ 1 7 



Mandelstam variables are defined as 



(24) 



s = (fa + k 2 f = (k 3 + fa) 2 
t = [fa - fa) 2 = (fa - k 2 ) 2 
u = {fa - k 4 ) 2 = (k 3 - fa) 2 

The expression containing polarization vectors has in all amplitudes the form 

° ~ fc l fc 2 fc 3 fc 4 

where Si — e(fei). I use the abbreviation x — cos9 cm , where 9 cm is the angle between k% a k% in 
CMS. 



A.l W+ihj + W-ih) ^ Z(k 3 ) + Z(k 4 ) 



M {1) = -g 2 cos 2 9 w 



A 



(i) 

LW 



A 



(i) 

uW 



■a9 



' w 



M 



(i) 

sH 
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Aw = V^ p (-fcx , q, ka) V Pua (-q, -k 2 , k*)P$ (q)£^ p ° 
A% = V liaa {-k l , q ,k 4 )Vp vp {-q,-k 2 ,h)P^(q)E^P- 

4 X) = w^""" 7 



After contraction 

= 4(fci-e5)(fc2-el)(ei-e 2 )+4(fci-e5)(fc4-e 2 )(ei.eS) 

+ 4 (Af 2 ■ el) (k 3 ■ e{) (e 2 • e%) + 4 (fc 3 • £l ) (fc 4 • £ 2 ) (e* 3 ■ e* 4 ) 

- 2 (fc 4 • e 2 ) ((fex + fc 3 ) • el) (ei ■ £3) ~ 2 ( fc 2 ■ ej) ((fc + h) ■ e 2 ) (e x ■ e%) 

- 2 (fci • eS) ((fc 2 + fe 4 ) • ei) (e 2 ■ £4) - 2 (A3 • £1) ((fe + fc 4 ) • £3) (£2 • ej) 

+ ( ^ ~ 2 m|)2 (£1 ' £3) (£2 ■ e\) + (s-u) ( £l ■ e* 3 ) (£ 2 ■ el). (25) 
4& = 4&(3<->4,u-f) 

A« = 2 ( £1 • E 2 ) ( £ * • El) - ( £l • E J) ( £2 • E* 3 ) - (EX ■ E* 3 ) (£ 2 • ej) 

Replacing all polarization vectors £j by £j(£) given in (Q) we get amplitudes for longitudinally 
polarized gauge bosons in CMS 

A\ w (s,x) = — — \ T [-96 m%- m% + 32 m 2 w m% + 8 m%- m% s + 16 m 2 w m% s 

61 to w m z 

— 8 m% s — 4 rn^y s 2 — 10 m 2 ^ m% s 2 + 2 s 2 + 3 m 2 ^ s 3 

+ 16 m| p w f3 z s x + 12 /3w fes 2 x + 24 m 2 ^ m| /3w /3z s 2 x 

— 4 m z /?w Pz s 2 x — 5 m 2 ^ /3w &s 3 i + 32 m w s x 2 

1 ne 4 2 2 1 00 2 4 2 1e 422 
+ 96 TOw TO^ S X + 32 TO w 777^ S X — 16 TOw S £ 

— 22 to 2 ^/ m| s 2 a; 2 + 2 m| s 2 a; 2 + m 2 ^ s 3 x 2 + (3 W (5 Z s 3 x 3 ] (26) 



and 



A-uw( s > x ) ~ ^tw( s > — x ) 
(1) = s (-4 7774- -4 «4 + 3 s - s x 2 ) 



Kincmatical variables are related by 

s s 

t = m w + m z - - + - PwPz cos C 



' w 



+ m Z — 7, — o Pw@Z COSt 



where 



4777?,/ „ / 47717 

■In \ --^ p z = ] /l-—z 

(1) _ g 2 777| CQS8 W 2 C (1) 
« ~ 4 777^ J(l) 

= 96 m^/ ml — 32 m 2 ^ 777^ — 48 m^r s + 8 m z s 
+ 8 m% s + 4 777^ s 2 - 6 m| s 2 + s 3 + 128 m% x 2 + 32 777^/ s x 2 
l w m z sx 2 + 8 m w . 



64 777?i/ s x 2 + 8 m w s 2 x 2 + 6 777,7 s 2 :7;2 — g3 



j(i) = 4 m | - 4 m! s + s 2 - 16 m 2 ^ to| x 2 

1 /i2 2 1 ,1 2 2 22 

+ 4 TOw si 4-4m 7 si — S X 



vv z 
For the Higgs boson amplitude <M) we have 



(i) = g 2 m w m z (^m 2 w - s) (2to| - s) 
sff cos Ow ^m 2 v m 2 z (s — m 2 ^ + iiriH^H) 
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A.2 W + (h) + Z(k 2 ) ^ Z(k 3 ) + W + {k 4 ) 



M^ = -g 2 cos 2 w 
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t — mi 
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+ M 
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uH 



After contraction 

4(2) _ 



+ 
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A ( Z = V„ ap (-k 1 ,q,k s )Vi }av (-q, k 4 , -k 2 )P^ (q)£ 
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4 (fci • £ 2 ) (fc 3 • e* A ) (ei ■ eS) - 4 (fci • e 2 ) (fc 4 • £*) ( £l • e* 4 ) 
4 (fc 2 • ei) (fc 3 • £4) ( £ 2 ' £3) + 4 ( fc 2 • £1) {k 4 ■ £3) (£2 • £4) 
2 (fc 3 • el) (£1 • £ 2 ) ((fci - fe) • £3) + 2 (fc 4 • £3) (£1 • £2) ((fci - fc 2 ) • £^) 
2 (fci • £ 2 ) {e* 3 ■ e* 4 ) ((fc 3 ~ k 4 ) ■ £1) + 2 (fc 2 • £l ) ( £ * • ej) ((fc 3 - fc 4 ) • £2) 
(mly - m|) 2 
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(£1 • £2) (£3 • £4) + (u~t) (£1 • £2) (£3 • el) 



w 



4w = - A ?w(k2"-k 3 ,e 2 ~e* 3 ) 



A^ = 2 ( £l • e j) ( £2 • £*) - ( £l • £*) ( £2 • e j) - ( £l • e 2 ) (e* 3 ■ e* 4 ) 



I 2 2 \2 

s . (m z - Tr y) 
2 ! "~ 2s 
-2fc 2 (l + cos6» c 



where in CMS 



fc 2 = — [s 2 + (m 2 w - m%) 2 - 2s (m 2 w + m|)l = |fc,| 2 i = 1, 2, 3, 4 
4s 

(2) = g 2 w| cos6>w 2 

Mgauge ~ g ^ g ( s _ j(2) 



C( 2 ) = 3 TO 



12to^to| + 18to^ 



12 TOw TO^ + 3 TOw TO 



W 1 
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s a; +12towTO^s a; — 6to w to^s x 
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Higgs boson amplitude ( |l2| ) 
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(2) _ 9 2 C% 



uH 
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— 4 s 3 + s 4 + 2 m,yy x — 8 m 2 ^ a; + 12 m 4 ^ m|j a: 
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A.3 + W+(k 2 ) -> ^+(^3) + ^+(£4) 



M (3) = - 5 2 cos 2 6» w 



-4 



(3) 



.4 



(3) 

uZ 



g 2 sin 2 6*vy 



.4 



(3) 

*7 



+ 



4 (3) 



+ g 2 A^+M {3 I >+M i3) 



uH 



A 



(3) 
(3) 



^(-fcl, fc 3 ,«) K^(-fe2, -q, )P^(q)£^ 

a/3 tn\f^ v P a 



A uZ~, = y^a(-ki,k4,q)V l/p f3(-k 2l k 3 ,-q)P z ' Jq)£ 



4 3) = V^E^ 



Kinematical variables are given by 

t = 2 (m 2 w - |) (1 - x) u = 2 (m 2 w - |) (1 + x) 



^ = 2 (fe ■ ej) ((fei • e 2 ) + (fca ■ £2)) (ei • £3) - 4 (*i • £3) (*a ' eJ) (ei • ea) 

+ 2 ((fcj • ej) + (fe 3 • £4)) (k 4 ■ e 2 ) (£1 • e%) - 4 (A* • e$) (fc 4 • £ 2 ) (£1 ■ ej) 

+ 2 (fei • £3) ((fc 2 • £i) + (fc 4 • £1)) (e 2 • £4) - 4 (*%> ' ej) ( fc 3 • £1) (£2 • £3) 

+ 2 (fc 3 • £l ) ((fc 2 • £*) + (fc 4 • £3)) (£2 • £4) 

- (s - u) (£1 • £3) (£ 2 ■ £4) - 4 (fc 3 ■ £1) (fc 4 • £ 2 ) (£3 • £4) . 



.4 



(3) 



uZ -A%(3~4) 



A 



(3) 



A 



(3) 



(t,u)7 (t,u)Z 

For relations among different As see table 2 and below. 

1 



A\z ( s ' x ) 



(32 m 4 



w) 



( 64to^ - 16to^s + 12771^5^ - 3s 3 + 64m^a; 

+ 112 m w s x — 52 m w s x + 5 s x — I60m w s x 
+ 36 m 2 v s 2 x 2 - s 3 x 2 + 4m 2 v s 2 x 3 - s 3 x 3 ) 



(28) 



(29) 



^i2( s ' a; ) — A\ z (s,— x) 



(3), 



II 



M {3) = 

J 1 gauge 



2 

9 s 



3s 



i rn 



w 



w 



J 



g 2 cos 2 9 W Cf_ g 2 sin 2 6 W C, 

(3) 



(3) 
7 



'w 



J. 



(3) 



(3) 



256 - 128 m Q w m% - 128 m^, s + 32 m 4 ^ m| s + 64 m 4 ^ s 2 



24 to 2 ^ m| s 2 - 24 m 2 ^ s 3 



6 m?j s 3 



3s 4 + 256m^s 2 



256 TTiyy s x 2 + 320 m 4 ^ m| s x 2 — 16 m 4 ^ s 2 a; 2 



72 mw s z x z + 32 77% s 6 x z + 2 s J a; 



4 2 



3 „2 



,2 „3 ^2 



4 s 4 x z + 16 m 4 ^ s 2 x 4 - 8 s 3 x 4 + s 4 x 



3 „4 



„4 „4 



r(3) 



(4 5 



2m 



4 to 2 ^/ i + si) (—4 m 2 ^ + 2 m 2 z + s — 4 m 2 ^ i + ss) 



64 



16 m w s 



I2m 2 w s 2 -3 s 3 



64 m^, x 2 



Higgs boson amplitude (111) 



x 2 - 16 m 2 w s 2 x 2 + 4 s 3 x 2 + 4 s 2 x 4 
Jf = (s-4m 2 w ) (x 2 -l) 

r< (3) 



(3) 



G 



y H ' = 32 m# m w — 64 — 16 m H m w s + 48 m w s 

2 s 2 - 12 Ttiyy s 2 + s 3 - 32 m 4 ^ s x 2 + 2 m 2 ^ s 2 x 2 
s 3 x 2 



12 m 2 w s 2 x 2 - 3 ~ 2 



(30) 



jj^ = 4 niyy (2 — 4 to 2 ^ + s + 4 jti 2 ^ x — s x) (2 m 2 H — 4 m 2 ^ + s — 4 m 2 ^ x + s : 



A.4 W+(fci) + V^-(Jfe 2 ) -> ^ + (fc 3 ) + V^-(Jfe 4 ) 



7W (4) = -r, 2 cos 2 <V 



.4 



(4) 
*Z 



s — ml 



4(4) 
f^Z 

t — m 2 z 



2-2/i 

g sin #w 



4 (4) 4W 

^ ls 7 1 *7 



+ 5 2 4 4 )+M 4 f l + M 



(4) 



.4 



(4) 
sZ.- 



.4 



(4) 

tz- 



V^ai-ku-^q) V apP (h, k 3 ,-q, )P^(q)£^ p " 
-- V^i-kuh, q) V a ^(k 4 , -k 2 , -q)Pz r i l (<l)^ Vf " J 

= g 2 V aapv £^ p ° . 



v gauge 



9 

5 « 



3 s — 24 m 2 ^ x + 6 s x + s x 2 ) 



16 



+ M (4) +Xi 4 )- 9 2 cos 2 



a 



,(4) 
6Z 



',Z T ^7 "5 COS-Pm/ -py 

"'tz 



g 2 sin 2 0j 



-o(4) 

u t 7 



J 



(4) 
*7 



2 2 fl ( 4TO lV 

-g cos fc'iy 



(2'- 



s) 2 x 



4™^ (m| - s) 



M^=-g 2 sin 2 9, 



—3 x — 



4m 2 ^x 



s 2 x 
4™^ 



C 



■(4) 

tz 



— 64m^ + 16 m 4 ^ s — 12 m 2 ^ s 2 + 3 s 3 — 64 x — 112 m 4 ^ s x + 52 m 2 ^ s 2 x 
5 s 3 x + 160 m 4 ^ s x 2 - 36 m 2 ^ s 2 x 2 + s 3 x 2 - 4 to 2 ^ s 2 x 3 + s 3 x 3 



12 



= 16 m w (4 — 2m z — s — 4 m ff x + s x) 



Higgs boson amplitude (|23| ) 



r<(4) _ ^(4) x(4) _ 7 (4), 

°*7 — ^tZ J t-y — J tZ kz=0 



H - .9 (4 ) 
J H 



+ 5 s 2 — 8 m 2 ^ s 2 + s 3 + 32 x + 8 m 2 ^ m 2 ^ s x 
— 40 m w s x — 2 m|f s 2 x + 8 to 2 ^ s 2 x + s 2 x 2 — s 3 

= 8 to 2 ^ (jnfj — s) (2 mfj — 4 m 2 ^ + s + 4 to 2 ^ x — s x) 
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